General anaesthetics are a large group of physiologically active substances which, although structurally diverse, are generally regarded as possessing one common physical-chemical property-a high solubility in hydrophobic solvents. Clinically, general anaesthetics have the well known and very useful properties of being able to abolish sensation and to produce unconsciousness, and are thus used to control pain. Although the state of anaesthesia is not yet adequately understood, it can be viewed as a suspension of some of the normal key functions of the central nervous system which is reversible as long as the dose of the anaesthetic given is carefully controlled.
This review is concerned with the mechanism of action of general anaesthetics at a synaptic level and particular attention will be paid to the action of general anaesthetics on the postsynaptic membrane. Unfortunately we cannot hope to explain the mechanism of general anaesthesia itself simply by studying the actions of general anaesthetics at a synaptic membrane level. We do not, for example, even know exactly where in the brain consciousness is controlled. However, a knowledge of the mode of action of these agents is an aid to being able to control their effects and to improve the use of such drugs in clinical medicine. Ultimately we must hope that the gap between the membrane and molecular approach to anaesthetic action and the way in which general anaesthetics produce anaesthesia will narrow and eventually disappear.
Excitable cell physiology
Excitable cells (nerve or muscle) in the resting state have resting membrane potentials of between -40 and -90 mV (inside negative with respect to the outside). The resting membrane potential is attributable to the very high permeability of the plasma membrane to potassium ions (K + ) and to the fact that there is a large outwardly directed concent-SUSAN E. JUDGE, School of Pharmacy, Robert Gordon's Institute of Technology, Schoolhill, Aberdeen. ration gradient for K + . The intracellular K + concentration can be 50 to 60 times that of the extracellular K + concentration. In contrast, the intracellular sodium ion (Na + ) and chloride ion (Cl~) concentrations are much smaller than the extracellular values. These ionic concentration gradients across the plasma membrane are maintained by active transport of ions-by the Na + /K + pump, for example. The plasma membranes of excitable cells are a relevant and instructive target for the study of the effects of general anaesthetics. In this review a preliminary attempt will be made to discuss mechanisms at a molecular level. Since much of the discussion to follow presents ideas on excitable membrane ion channels it is worthwhile considering very briefly what is meant by such ion channels. We distinguish three classes of ion channels.
(1) Leakage channels. The behaviour of these ion channels is most easily observed when the membrane potential is close to the resting value. Such channels permit the passage of Na + , K + or Cl~ ions down their concentration gradients. It is the continual ion flow through the leakage channels which the active pump processes oppose to maintain the ion concentration gradients. These ions channels are referred to here as "resting membrane" ion channels. (2) Voltage-sensitive channels. Excitable membranes can be stimulated (electrically) to produce all-or-none depolarizing responses known as action potentials. During an action potential the excitable membrane undergoes rapid, sequential permeability changes to Na + and K + ions. A small membrane depolarization activates the gates of the Na + channels with resultant opening of the ion channels and a net movement of Na + ions down their electrochemical gradient (the sum of the concentration and electrical forces) into the cell. The Na + movement into the cell produces further depolarization. Later (less than lms) depolarization opens the K + channels with a resultant exit of K + ions down their electrochemical gradient out of the cell. This produces repolarization. These Na + and K + channels are thus voltage-gated. Indeed, voltage-sensitive Na + chan-nels are the essence of what we call excitability. Such ion channels have been extensively studied in giant axon systems such as those of the squid or vertebrate myelinated nerve. In these preparations we possess detailed information on the actions of anaesthetics on both the Na + and K + voltage-sensitive channels (see Fink, 1980) . (3) Chemically-gated channels.
Postsynaptic receptors are coupled to ion channels which are chemically-gated, being activated by the interaction of the neurotransmitter with the receptor. Attachment of a neurotransmitter to its receptor protein produces a change in configuration of the receptor protein leading to channel opening and to a subsequent change in the conductance of the postsynaptic membrane to certain ions. The postsynaptic ion channels are thus chemically-gated. The conductance changes produce changes in the membrane potential of the postsynaptic neurone (the postsynaptic potential or PSP) which can be conveniently recorded in many different cells. Depending on the type of channel which is involved, the postsynaptic response can be excitatory (involving a depolarization of the membrane) or inhibitory (involving a hyperpolarization of the membrane). Depolarizing responses are mediated by activation of channels which are permeable to Na + and other ions and are termed excitatory PSP (EPSP). Hyperpolarizing responses are produced by the opening of channels which are permeable to Cl~ and K + ions (but not to Na + ions) and are termed inhibitory PSP (IPSP). In simple nervous systems (such as the so-called brain of the mollusc, Aplysia) just as in the mnmrnfllinn CNS, the same transmitter can produce both excitation and inhibition, depending on the type of receptor-coupled channel present in the postsynaptic membrane.
In principle, the general anaesthetics can interfere with (a) attachment of the transmitter with its receptor, (b) the membrane processes which translate the binding of the transmitter to a membrane conductance change-that is, activation of the receptor-channel complex and (c) the structure of the ion conductance mechanism or channel. The response to the transmitter at the postsynaptic membrane depends not only on the receptor-transmitter interaction, but on the type of channel to which the receptor is coupled (or the receptor-channel complex). The channels which mediate the same conductances may be identical regardless of the receptor with which they are associated (Yarowsky and Carpenter, 1978) . Anaesthetics which have a selective action on one channel may therefore appear to be acting nonselectively when compared with an agent which acts selectively with a receptor protein. It is in this area of synaptic transmission that the various invertebrate preparations to be described provide information on the effects of anaesthetics at the level of the receptor-channel complex.
The postsynaptic potential changes produced by neurotransmitters provide useful but limited information about the nature of the membrane conductance changes occurring at the postsynaptic membrane. The effect of general anaesthetics on such potential changes are therefore not always straightforward to interpret. When the neurotransmitter interacts with its receptor, opening up a number of postsynaptic ion channels, the net ion current flowing generates a current which can be recorded. If the synaptic current in response to stimulation of a nerve input is recorded then the amplitude and the time-course of the current depend on the number of ion channels opened and their average open time or lifetime. The amplitude and time-course of the synaptic current, in addition to the characteristic electrical impedance of the postsynaptic membrane, determine the amplitude of the postsynaptic potential. At the neuromuscular junction the time-course of the endplate current (EPC) has been analysed in detail using the powerful voltage-clamp technique (for review see Gage, 1976) . The EPC has a rapid growth phase, reaches a peak, then decays more slowly in an exponential fashion. The time constant of decay of the EPC can be equated approximately to the average open time of the endplate channels. The time course of the current (the miniature endplate current, MEPQ generated by the release of a single packet or quantum of transmitter can also be recorded under voltage-damp providing similar information.
Such measurements are very powerful, since they furnish fundamental data on interesting parameters of chemically-gated ion channels such as their average open time. More recently, exciting new techniques such as patch-damping permit even more precise estimates of both the average open time of ion channels and the ionic conductance of the single channel . Such measurements are invaluable when trying to assess in detail the nature of the anaesthetic effect on the postsynaptic membrane.
Finally, before leaving the discussion of chemically-gated channels, it should be noted that often the current generated by a microionophoretic pulse of by guest on November 4, 2016 http://bja.oxfordjournals.org/ Downloaded from transmitter substance is studied under voltageclamp conditions. The current generated across the postsynaptic membrane in this case is slower,, providing little kinetic information about the transmitter-receptor interaction, but this experiment has the advantage that if compounds such as anaesthetics are tested, presynaptic factors can be ruled out.
In summary, it is now practical to obtain detailed information about chemically-gated ion channels and to examine how these channels may be modified by drugs such as the general anaesthetics. Studies using invertebrate preparations and the vertebrate neuromuscular junction will be described in this review since these preparations have provided much of the information on the ways in which synaptic transmission can be affected by anaesthetics. Technical difficulties in the mammalian CNS make it difficult to obtain equivalent data. It is hoped that some of the results to be described here, however, are relevant to such mammalian systems.
As a background to the studied outlined below it is worth considering (1) What are the present molecular ideas about anaesthetic action? (2) Why is the synapse considered to be an important target? These questions will be dealt with, albeit briefly, in turn.
Anaesthetic theories
The earliest ideas about anaesthetic action drew attention to the close correlation between anaesthetic potency and solubility in an oil phase. Thus Meyer (1937) argued that anaesthesia was brought about when a certain critical molar concentration of anaesthetic was attained in a key lipid phase. Subsequently Mullins (1954) suggested that the volume of occupation rather than the concentration of anaesthetic molecules in the membrane phase was the important determinant of anaesthesia. These workers thus implied that anaesthetics of all shapes and sizes share a common mode of action at a molecular level. Seeman (1972) defined anaesthetics in a physiological way as drugs capable of blocking the conduction of an action potential (AP) without affecting the resting potential of the excitable cell, and regarded anaesthetics as non-specific pharmacological agents. This idea is not at all useful when considering how general anaesthetics act. First, the definition given by Seeman includes many chemical substances which are not useful clinical anaesthetics (for example, nerve toxins or detergents). Second, a variety of studies now emphasizes the need to invoke specific binding sites for some anaesthetic agents. For example at a synaptic level the barbiturates (Cutler, Markowitz and Dudzinski, 1974) , the steroid anaesthetics (Richards and Hesketh, 1975) and methoxyflurane (Richter, Landau and Cohen, 1977) exert quite specific effects. Such specificity of anaesthetic action, which has been reviewed recently by several authors, including Roth (1980) and Richards (1980) , is difficult to reconcile with the view that anaesthetics act by a common molecular mechanism, that is, the so called "Unitary Theories of Anaesthesia". Such unitary theories suggest that anaesthetics perturb membrane function by (1) producing membrane lipid fluidization (Trudell, Hubbell and Cohen, 1973; Lenaz et al., 1979) , (2) triggering a phase change in the membrane lipid (Trudell, 1977) or (3) thickening the membrane (Haydon, Hendry and Levinson, 1977) . One can view membrane lipid fluidization as an increase in molecular motion of individual chains in the bilayer lipid. This occurs particularly towards the terminal methyl groups. The phase change idea involves the anaesthetic converting the lipid from a gel form to a liquid (fluid) state. These perturbations are considered in relation to axonal sodium channel function (that is local anaesthetic action), although often they are proposed as the basis of the mechanism of action of general anaesthetics. In this review data on chemically-gated synaptic channels will be referred to these ideas whenever it is appropriate.
The alternative proposition will also be considered, however-that different general anaesthetics have different molecular actions at a synaptic level-that they can indeed act at specific molecular sites in a manner similar to that in which neurotransmitters act on their receptors. These sites would have hydrophobic characteristics. Implicit in this line of argument is that the general anaesthetics act directly on key protein targets in the postsynaptic membrane such as the receptor-channel complexes. The specific receptor approach is the one most relevant to the interaction of local anaesthetics with the sodium channel (Hille, 1980) .
Site of action of general anaesthetics-the synapse
As early as 1906, Sherrington proposed that anaesthetics depress the process of synaptic transmission rather than block the action potential conduction mechanism. Larrabee and Posternak (1952) subsequently showed in sympathetic ganglia that most (although not all) general anaesthetics do in-deed block excitatory synaptic transmission at smaller concentrations than those required to block axonal conduction. Although it was originally argued that anaesthetics depress synaptic transmission by blocking action potential conduction in the fine presynaptic terminals, it now seems certain that the important effects of the anaesthetics are on true synaptic processes. Thus it is easy to demonstrate that small concentrations of anaesthetics can depress the postsynaptic responses to microionophoretic application of transmitter substances (see below). Here the view is adopted that general anaesthesia is a result of a disruption of information transfer at a synaptic level in the CNS. The basic processes underlying synaptic transmission are common to many systems ( fig. 1) . However, the susceptibilities of various synaptic systems to anaesthetics are quite different. The morphology of the synaptic contact dictates in part how sensitive the synapse is to anaesthetic action. For example, the shape and size of the presynaptic endings are probably important, and also the location of the synaptic endings on the postsynaptic cell (dendrite or cell body?). Further, the properties of the postsynaptic receptor-channel complex must determine how vulnerable the synaptic system is. Many of the important processes supporting synaptic transmission ( fig. 1 ) have been shown to be sensitive to anaesthetics. In brief, anaesthetics can actually interfere either presynaptically with the release of transmitter, or postsynaptically with the response of the receptor-channel system to the transmitter. This review will be concerned with the latter action. The effects of anaesthetics on the release of transmitter can be found in the studies of Weakly (1969), Cutler, Markowitz and Dudzinski (1974) and Quastel, Hackett and Okamoto (1972) .
At a postsynaptic membrane level, one question of interest is if we can distinguish that the anaesthetics are acting directly on the receptor-channel complex or via a perturbation of the lipid environment of the receptor system (see inset, figure 1). These targets should not be viewed separately. The physical properties of the lipid must influence the response of the receptor system to the anaesthetics. Similarly, the presence of receptor protein probably 
General features of anaesthetic action in invertebrate preparations
Anaesthetics have a range of interesting effects on the passive electrical characteristics of invertebrate preparations in vitro, that is, on the leakage or "resting membrane" channels. Thus pentobarbitone 0.04mmollitre" 1 blocked the excitatory and the inhibitory responses of neurones of the sea-hare Aplysia to applied acetylcholine (ACh) but had no effect on the resting ionic conductance (=ionic permeability) of the cells (Sato, Austin and Yai, 1967) . However, greater concentrations (4 mmol litre" 1 ) of pentobarbitone also hyperpolarized the neurones, presumably by an action on such "resting membrane" ion channels. Most of the reported effects of general anaesthetics on the passive electrical properties of nerve cells require concentrations of general anaesthetics greater than those used clinically to produce anaesthesia. For this reason, these effects can be regarded as of pharmacological interest only. They do nevertheless illustrate how important it is to relate the dose of anaesthetic used in in vitro experiments to that required to maintain anaesthesia or to the concentrations found in the blood of anaesthetized animals.
An interesting effect of some volatile anaesthetics (halothane, ether and chloroform) was observed by Chalazonitis (1967) on neurones of the two molluscs, Aplysia and Helix. According to the partial pressure of the anaesthetics used, two different effects on the neuronal membrane properties were produced. Small concentrations of halothane (2%) produced an increased membrane excitability with depolarization of the neurones, but there was little change in the membrane conductance. The effect was termed the "pre-narcotic" phase. As the concentration of anaesthetic increased the membrane hyperpolarized and became less excitable. The ion conductance of the neuronal membrane was then increased. This effect was termed the "narcotic" phase. In another mollusc (Tritonia) the effects of ethanol on central neurones were studied (Chase, 1975) . Small concentrations (300-600 mmol litre" 1 ) of ethanol depressed synaptic transmission in such cells whilst having little or no effect on the resting membrane potential. In contrast, ethanol 1000 mmol litre" 1 caused an increase in membrane conductance which was accompanied by depolarization of the neurones.
Other studies using invertebrate preparations have identified the ionic mechanisms of these effects of general anaesthetics on neurones. Sato, Austin and Yai (1967) ascribed the hyperpolarization produced by large concentrations of pentobarbitone (4 mmol litre" 1 ) in Aplysia cells to an increase in conductance to potassium ions. In the Retzius cells of the segmental ganglion of the leech, pentobarbitone 5-10 mmol litre" 1 produced a decrease in the resting conductance of the membrane for potassium ions which resulted in a depolarization of the neurone (Kleinhaus and Prichard, 1977 ). In contrast, phenobarbitone on the same cells had the opposite effect (Prichard, 1972 ). An effect of urethane on the sodium conductance has been shown in Helix and Planorbis neurones (Gierasimov and Janiszewski, 1967) . The non-uniform effects probably derive from the differences amongst neurones themselves rather than a species difference, and a more detailed analysis of different neurones in any one species might confirm the varied effects of these high concentrations of anaesthetics on the non-synaptic membrane. The above results indicate that at this level different anaesthetic agents produce rather different effects. This is not in keeping with a Unitary Theory of Anaesthesia.
Finally, there are interesting effects of the barbiturates on the molluscan neurones of the "bursting" type. Slow wave potential oscillations are responsible for the alternate periods of activity and inactivity (bursting behaviour) in these cells. These waves are sensitive to a variety of agents. Johnston (1978) reported that small concentrations of pentobarbitone (1-10 mmol litre" 1 ) enhanced the oscillations in Aplysia neurones, but at greater concentrations (100 mmol litre" 1 ) pentobarbitone had a suppressing effect. These actions of pentobarbitone were attributed to the action of the barbiturate on the calcium conductance mechanism. Barker (1975a) also studied this effect in Otala neurones, but suggested that the induction and potentiation of bursting activity was mediated by an action on the potassium conductance mechanism associated with the hyperpolarizing phase of the slow-wave. In contrast the opposite effect is seen in non-bursting cells. Both pentobarbitone and phenobarbitone have been shown to have an effect on a slowly developing voltage-sensitive outward current which appears in response to prolonged depolarization in Aplysia neurones (Cote, Zbicz and Wilson, 1978) . The outward current is thought to be carried by potassium ions and was enhanced by clinical concentrations (O.lmmollitre" 1 ) of the barbiturates, resulting in the suppression of firing in response to the depolarizing stimulus in the cells. The potentiating action of such low concentrations of barbiturates on this outward current may result in enhanced adaptation of neurones to depolarizing stimuli. This would have important synaptic consequences in the nervous system if it did occur during general anaesthesia.
Effects of general anaesthetics on postsynaptic mechanisms
The discussion to follow is confined to select invertebrate preparations and the vertebrate neuromuscular junction. A good reason for studying the effects of anaesthetics on synapses in invertebrate preparations is that there are available a number of central synaptic pathways where the transmitters have been identified along with the ionic mechanisms of the postsynaptic responses. This is not the case in the mammalian CNS. Much of the information gained on the effects of general anaesthetics on synaptic ion channels has come in addition from the neuromuscular junction of vertebrates, where the process of chemical transmission and in particular the postsynaptic mechanisms have been intensively studied.
A depression of excitatory synaptic transmission by anaesthetic concentrations of halothane and ether was demonstrated by Chalazonitis (1967) in his study using molluscan neurones. The amplitude of excitatory postsynaptic potentials (EPSP) was depressed, this depression being accompanied by an increase in the decay rate of the EPSP and an increase in the somatic membrane conductance. It is possible that the latter change may have been directly responsible for the depression of the EPSP amplitude. In Tritonia, ethanol 300-1000 mmol litre" 1 depressed excitatory transmission in neurones, an effect which was not the result of an increase in membrane conductance (Chase, 1975) . There are a variety of explanations of these depressant effects. Presynaptically, the anaesthetics could be reducing the output (the number of quanta) of transmitter. This effect, although undoubtedly important in some systems (Weakly, 1969) , will not be dealt with further. Postsynaptically, we can imagine that the anaesthetics might interfere with the transmitter-receptor binding reaction by, for example, modifying the properties of the receptor recognition site in some way. The anaesthetics could, alternatively, prevent the "switching on" of the postsynaptic channel current, block those channels once opened or, perhaps more subtly, reduce the average open time of such channels. It is necessary to consider the effects of anaesthetics on postsynaptic mechanisms in more detail. Barker (1975a) examined the effects of pentobarbitone and other anaesthetics on the postsynaptic responses of the crustacean neuromuscular junction and molluscan central neurones, to microionophoretically applied transmitters. In this and other similar studies by Judge, Norman and Walker (1979) it is possible to identify the ions which are responsible for the postsynaptic conductance changes. In addition, presynaptic effects of anaesthetics are eliminated if responses to microionophoretically applied transmitters are studied. Sodium-dependent depolarizing responses to glutamate at the neuromuscular junction and sodiumdependent responses to ACh in the molluscan neurones were both depressed by pentobarbitone 0.1-0.2 mmollitre" 1 in a dose-dependent reversible manner (Barker, 1975a) . Judge, Norman and Walker (1979) showed that thiopentone 0.1-0.5 mmol litre" 1 depressed inhibitory responses to applied ACh and glutamate which were mediated by chloride ions in a dose-dependent reversible manner. This contrasted with a potentiating effect of thiopentone at the same concentrations on potassium-dependent responses to dopamine in other identified cells in the same study (dopamine is believed to be the transmitter for an inhibitory synaptic event in these cells which is also potentiated by thiopentone). Studies using voltage-clamp techniques have confirmed that the conductance change associated with the chloride-dependent inhibitory responses to ACh is depressed by thiopentone, ketamine, etomidate and minaxolone (a steroid) with no effect on resting conductance of molluscan neurones (Judge and Norman, 1980,82) . In Aplysia neurones, chloride-dependent inhibitory conductance changes induced by ACh and GABA were depressed by pentobarbitone and phenobarbitone at the same concentrations (25 junol litre" 1 to 3 mmol litre" 1 ) as those which depressed excitatory responses to the same transmitters mediated by sodium ions (Cote and Wilson, 1980) . In the latter study, potassium-dependent inhibitory responses to ACh were minimally affected by the anaesthetics.
In summary, postsynaptic responses involving Na + and Cl" ions irrespective of the transmitter are depressed by a number of anaesthetics. Responses involving K + ions were potentiated or not affected. These results suggest that the general anaesthetics tested may not be acting on the transmitter-receptor binding step, but rather the different anaesthetics are acting on some aspects of the channel mechanisms. Perhaps the "switching on" process is different for different postsynaptic channel types, or perhaps the structure which determines the ion selectivity of the activated channel also dictates how sensitive the channel mechanism is to anaesthetics.
If the lipid environment of the postsynaptic channel system is considered the target, then some physical property of the lipid associated with different postsynaptic channel types must be different or the different channel systems must be differentially sensitive to the same changes (for example in fluidity) of the lipid. As an aside, in the case of a quite different system-that of the voltage-sensitive Na + channels of the squid axon membrane-recent work tends to rule out the possibility that general anaesthetics modify the opening and closing of such channels by altering their lipid surround (Fernandez, Bezanilla and Taylor, 1982) . More information is required on the macromolecular nature of the ion channels involved in the generation of the postsynaptic potentials described here.
Some of the characteristics of the acetylcholineactivated postsynaptic Cl~ channels in Aplysia have been studied by Adams, Gage and Hamill (1982) using voltage-clamp techniques. In these experiments the synaptic input to a selected neurone was stimulated and the IPSP or the associated synaptic current, the inhibitory postsynaptic current (IPSC) was recorded. The decay of the IPSC is exponential (cf. the EPC above), and the time course of the decay is one factor controlling the amplitude of the IPSP. In this system pentobarbitone 0.1-0.2 mmol litre" 1 made the IPSC decay biphasic and octanol 0.5-1 mmollitre" 1 increased the rate of decay. These effects can be interpreted in the case of pentobarbitone as being the consequence of blockade of the postsynaptic Cl" channel. The results with octanol are consistent with the view that the average open-time of the channels is reduced.
Let us now turn to some interesting experiments and arguments on the postsynaptic ion channels at the neuromuscular junction, where much of the information on the behaviour of chemically-gated channels has been gathered.
Postsynaptic depolarizing responses at the neuromuscular junction are clearly affected by general anaesthetics. This has been demonstrated at both invertebrate, vertebrate and mammalian neuromuscular junctions. For example, the excitatory junction potentials at the crustacean neuromuscular junction, where glutamate is the transmitter, are clearly depressed by pentobarbitone (Barker, 1975b) and benzyl alcohol (Colton and Colton, 1977) . Adams, Gage and Hamill (1977) studied the time-course of decay of miniature excitatory junction currents (MEJC) at the crab neuromuscular junction. These currents are produced by the spontaneous release of individual packets of transmitter from nerve terminals, and can be recorded conveniently using an extracellular electrode. The MEJC have a rapid growth phase (0.2-0.5 ms) and slower exponential decay phase (2-5 ms). Ethanol 0.25 mol litre"' increased the average rate of decay of MEJC, that is reduced the duration of the MEJC. Since the amplitude of the miniature excitatory junction potential (MEJP) is dependent inter alia on the duration of the MEJC, the former would be correspondingly reduced.
At the vertebrate neuromuscular junction where ACh is the transmitter, the effects of anaesthetics on endplate electrical events are varied, depending on the anaesthetic and its concentration. Many general anaesthetics including the barbiturates (Adams, 1974) , ether and halothane (Gage and Hamill, 1975) , enflurarife (Kennedy and Galindo, 1975) and the long-chain alcohols (Gage, McBurney and Van Helden, 1974) decrease postsynaptic depolarization at the endplate. These anaesthetics also act in this cholinergic system by modifying the time course of the endplate currents. Thus Gage and Hamill (1975) recording from toad sartorious endplate, showed that ether 10 mmol litre"' increased the rate of decay of miniature endplate currents and hence reduced the amplitude of miniature endplate potentials.
It seems, therefore, that anaesthetics can accelerate the decay of acetylcholine-induced IPSC carried by Cl" ions, and the glutamate-or acetylcholineinduced endplate currents (MEJC or MEPC) carried by cations (Na + ). Such shortening of the synaptic currents by anaesthetics provides a very powerful mechanism through which the amplitude of the synaptic potentials can be reduced and synaptic transmission depressed.
There are a variety of means by which general anaesthetics might accelerate the decay of synaptic currents. The arguments are clearest in the case of the neuromuscular junction. The actual mechanism must depend on which processes govern the decay of the MEPC-that is, what is rate-limiting? It is important to bear in mind that the time constant of decay of the MEPC can be equated to the average open-time of endplate channels. At present one of two processes is thought to control the decay time: either the rate of dissociation of acetylcholine from its receptor site or the rate at which the receptor reverts from an active to an inactive conformation is limiting This issue was considered in more detail by Gage and Hamill (1981) . Schemes to explain the acceleration of decay by general anaesthetics are of two classes.
The first scheme proposes that anaesthetics accelerate the rate of an existing process or reaction which governs channel open-time, thus reducing the average open-time. For example, the anaesthetics might speed up the conf ormational changes in the receptor protein. They could achieve this perhaps by fluidizing the lipid surround of the receptor-channel complex or by destabilizing the open channel conformation by thickening the lipid bilayer. It is to be appreciated that these molecular arguments are at present very speculative. That the reaction controlling the open-time of endplate channels in the presence of some anaesthetics is the same as in the absence, is supported by the findings that the temperature and membrane potential sensitivity of the open-time remains the same (Gage, McBurney and Van Helden, 1978) . In the case of some anaesthetics, the temperature and the membrane potential sensitivity of the endplate currents are altered, however. Thus ketamine 0.05 mmol litre" 1 removed the membrane potential sensitivity of the EPC (Maleque, Warnick and Albuquerque, 1981) and amylobarbitone 0.1 mmol litre" 1 reduced the temperature dependence of the MEPC (Gage and Sah, 1982) . These results might be more consistent with the second scheme.
In this scheme it is argued that anaesthetics such as the barbiturates and ketamine block open endplate channels (Adams, 1976; Maleque, Warnick and Albuquerque, 1981) . The rate of decay of the MEPC is now determined by the sum of the channel-blocking and closing reaction rates. This blockage is the consequence of a specific interaction between the anaesthetic and the endplate channel in its open form. The rate of blockade is dependent on the frequency of opening of the channels. This is termed use^dependence (Adams, 1976) . The model assumes then that the anaesthetic gains access to its binding site through the channel mouth, an idea which has also been proposed for the interaction of the local anaesthetics with the receptor-channel complex (Neher and Steinbach, 1978; Koblin and Lester, 1979) .
The molecular theories of anaesthetic action sketched above offer no prospect of distinguishing these two schemes. Anaesthetic effects on the lipid bilayer might accelerate the existing membrane reactions (channel closure) or result in the channels proceeding to a blocked (but not closed) state. Direct effects of the anaesthetics on the receptor-channel complex could equally produce both effects. Perhaps the use-dependent nature of some anaesthetic effects is easier to explain by assuming a direct action of the anaesthetics on the open conformation of the channel system. It is fair to say, however, that the question of the molecular mechanism remains open.
Interestingly, the opposite effect, that of increasing the duration of the MEPC decay, can occur with anaesthetics also. This effect is the result of an increase in the average open-time of channels, in the case of ethanol (Quastel and Under, 1975; Gage, McBurney and Schneider, 1975) . In the case of high concentrations of ether it is caused by an anticholinesterase action (Gage, Hamill and Van Helden, 1979) . The latter action provides evidence that general anaesthetics can directly affect protein function in a synaptic system.
CONCLUSIONS
In this paper the view has been taken that the synapse is the important target for general anaesthetic action. The effects of anaesthetics are described on the postsynaptic conductance changes activated by transmitters. These conductance changes determine whether a cell is excited or inhibited by the input from the presynaptic cell. Two facts emerge from the work with anaesthetics.
First, in invertebrates, both the excitatory responses involving Na + ions and the inhibitory responses involving Q" ions are depressed by a number of anaesthetics, whereas the inhibitory responses involving K + ions are either potentiated or not affected. The receptor type involved may not be important. This suggests that the emphasis should be put on some molecular aspect of the channel system when considering how the anaesthetics work.
Second, in a number of preparations, many anaesthetics shorten the time-course of the synaptic currents carried by Na + or Cl~ ions. This action reduces the responsiveness of the postsynaptic cell to its incoming transmitter and provides an impor-tant postsynaptic mechanism for depressing the process of synaptic transmission. Such an action could have a significant effect on the transfer of information at central synapses.
The molecular basis of any anaesthetic effect at a postsynaptic level is at present not known. However, there is every prospect that such molecular descriptions will be possible as our knowledge of synaptic receptor-channel systems develops, and if work with anaesthetics on such well defined synaptic systems continues.
